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a b s t r a c t

Modeling two-phase flow in proton exchange membrane (PEM) fuel cells is hampered by a lack of concep-
tual understanding of flow patterns in the gas diffusion layer (GDL). In this paper, pore-scale visualizations
of water in different types of GDLs were used to improve current understanding of flow and transport
phenomena in PEM fuel cells. Confocal microscopy was used to capture the real-time transport of water,
and pressure micro-transducers were installed to measure water breakthrough pressures. Three types of
fuel cell GDLs were examined: TO series (Toray Corp., Tokyo, Japan), SGL series (SGL Carbon Group, Wies-
eywords:
ater transport

nstable flow
DL
EM fuel cell

baden, Germany), and MRC series (Mitsubishi Rayon Corp., Otake City, Japan). The visualizations and
pressure measurements revealed that despite difference in “pore” structures in the three types of GDLs,
water followed distinct flow paths spanning several pores with characteristics similar to the “column flow”
phenomena observed previously in hydrophobic or coarse-grained hydrophilic soils. The results obtained
from this study can aid in the construction of theories and models for optimizing water management in
isualization
apillary pressure

fuel cells.

. Introduction

Achieving maximum power density, a key objective for proton
xchange membrane (PEM) fuel cells research [1,2], requires unre-
tricted transport of oxygen and hydrogen from gas channels to
he catalyst layers [3–6]. Increased power, however, generates sig-
ificant product water [7–12], which may block pores in the gas
iffusion layer (GDL) and restrict the transport of reaction gases
13]. Because understanding of water transport and removal in fuel
ell GDL is limited but crucial to increased power generation, these
rocesses need to be further studied to facilitate the commercial
pplication of fuel cells [4,14,15].

To explore water flow in PEM fuel cells, various techniques
ave been employed to visualize water in GDL and flow channels
8,12,13]. Yang et al. [16] and Zhang et al. [8] were able to visual-
ze with an optical microscope the emergence of water droplets at
pecific locations from the GDL surface and its subsequent trans-

ort into flow channels in a transparent fuel cell fixture. Employing
eutron tomography, Pekula et al. [17] found under real operat-

ng conditions accumulation of water at specific locations within
he fuel cell. Kramer et al. [18] showed with neutron radiography

∗ Corresponding author at: Riley-Robb Hall, Cornell University, Ithaca, NY 14853,
nited States. Tel.: +1 607 255 2489; fax: +1 607 255 4080.
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that a serpentine flow channel was the most effective in removing
the emerging water from a GDL. Litster et al. [13] successfully used
a fluorescence microscopy technique to visualize liquid flow as it
emerged from the surface and a few micrometers below the surface
of a GDL. They suggested that water transport was dominated by
“fingering and channeling” through individual pores. However, the
finger (or column) flow phenomena in GDL as suggested by Litster
et al. [13] have not been studied well in fuel cell research.

In addition to visualization studies, numerical and analytical
models have been used to optimize fuel cell designs by simulating
reactant fluid flow [19–23]. These models range from simplis-
tic single-phase water or vapor transport models to complicated
two-phase models combining both the Darcy’s and diffusion laws.
The ability of current models to simulate two-phase flow and
water management in PEM fuel cells was addressed by Weber and
Newman [5], Schulz et al. [20], and Wang [6]. These authors indi-
cated that current models are plagued by the scarcity of realistic
conceptualization of the interactions between water and GDL. Visu-
alizations of water dynamics within GDL, such as images revealing
both water and the GDL, can be used to inform the conceptualiza-
tion of these models.
Early visualization studies suggested that water transport in GDL
is unstable [13], which is similar to the column flow phenomenon
occurring in natural porous media. The column flow can be found
both in coarse-grained hydrophilic [24–27] and natural hydropho-
bic porous media [28,29]. Theories developed for natural porous

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tss1@cornell.edu
dx.doi.org/10.1016/j.jpowsour.2008.12.135
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edia showed that column flow is an unstable phenomenon in
hich water enters the porous media at regular spaced points.
epending on the imposed flow rate one or more of these “entrance
oints” result in finger like structure. Unlike the idea of Litster et
l. [13] that column flow is restricted to a single pore, in naturally
ccurring porous media it spans from several to hundreds of pore
iameters.

It is unclear whether the column flow theory for naturally occur-
ing porous media can be applied to fuel cells in which the GDL is
ade of fibers with different shapes and has much smaller pores

han those of the typical hydrophobic soils. Additional studies,
specially experimental investigations, are needed to improve the
undamental understandings of the dynamics of water flow in fuel
ell GDL. Our overall objective of this study is to better charac-
erize the unstable water flow within PEM fuel cell GDL. Confocal

icroscopy was used to visualize the real-time transport of water
ithin different types of GDLs. The visualizations together with
ater transport pressure measurements indicate that the unsta-
le column flow phenomena in the GDL are similar to those in soil
orous media, which are studied intensively with well-established
heories and models. The findings from this study can inform the
onceptualization and refinement of mathematical models of water
ransport and management in PEM fuel cells.

. Materials and methods

.1. Confocal microscopy

A confocal microscope was used to visualize liquid water in
ifferent types of PEM fuel cell GDLs. Confocal microscopy is a
odification of fluorescence microscopy that optically sections a

pecimen using small apertures (which are confocal) to eliminate
ut of focus and background signals. Different depths of focus can
e obtained with a precise Z-stepping stage. The instrument can
ecord simultaneously four different signals (or spectral channels).
n our application, a confocal Leica TCS SP2 microscope was used
hat can detect fluorescing objects of approximately 0.5 �m. Two
f the four spectral channels were employed: one for detecting
he fibers (excited at 488 nm), another to detect the water stained
ith Rhodamine B (excited at 543 nm). Overlays of the two chan-
els made it possible to view fibers and water in the same image
ither as a series of still images of horizontal planes through the GDL
0.5 s minimum time step) or as quasi 3-D images by composition
f single images taken along the z-axis at an interval of 1 �m.

.2. Gas diffusion layer
Three types of GDLs with various thicknesses and percentages
f polytetrafluoroethylene (PTFE) coating were studied: TO series
Toray Corp., Tokyo, Japan), SGL series (SGL Carbon Group, Wies-
aden, Germany), and MRC series (Mitsubishi Rayon Corp., Otake
ity, Japan) (Table 1). All these GDLs are carbon fiber papers coated

able 1
reakthrough pressures and finger sizes of water transport in diffusion layer.

ame Thickness (�m) PTFE (% wt) Pb no

O30 100 7.8 60–
O60 190 5.2 70–
O90 280 4.8 450–
O120 400 4.3 550–
O1.0 980 4.6 150–
GL25AA 190 10.5 30–
GL100AA 100 9.6 60–
RC104 120 10.0 300–
RC107 210 8.75 120–

a Measured from the wet images (e.g. Fig. 5).
Fig. 1. Experimental setup for water transport in gas diffusion layer.

with PTFE to render them hydrophobic. The TO series had five dif-
ferent GDLs ranking from the thinnest to thickest: TO30, TO60,
TO90, TO120, and TO1.0. According to the manufacturer, the TO30
consists of one layer of carbon paper of approximately 120 �m
thickness. The TO60, TO90, and TO120 have two or more layers of
carbon papers that have been fused together. The TO1.0 GDL is a
one layer thick carbon paper of about 1 mm. The SGL series con-
sists of two types of GDLs: SGL25AA and SGL100AA, having similar
surface properties. The MRC series also has two types: MRC104 and
MRC107, which are similar to each other. The thickness of each GDL
is given in Table 1. The GDLs were cut in 2 cm by 3.5 cm pieces for
the pore-scale visualization studies. In order to facilitate locating
the point of the breakthrough of the liquid for visualization pur-
poses, a Kapton film (3 M) with small pore (100 �m) at the center
was glued in some experiments on one side of the diffusion layer.

2.3. Flow system

Flow chambers with dimensions of 5.1 cm by 3.8 cm by 1.5 cm
were used (Fig. 1). The flow chamber is made of brass and consists of
two pieces. The bottom piece is 12 mm thick and has a small reser-
voir of 1.8 cm3 etched inside. There are two-side openings in the
bottom piece: one for connecting to a syringe pump and the other
to a pressure sensor. The top piece is 2 mm thick and has an opening
of 1.8 cm2 for visualization of the water movement (Fig. 1). To pre-
vent leakage, the GDL was sandwiched with silicone glue between
the top and bottom pieces, which were clamped together using six
screws.

Low power, non-amplified, non-compensated Honeywell 26PC

Series micro-pressure sensors measured capillary water pressures
during the visualizations (Fig. 1). The voltage output signal was
amplified to a range of 10×, 100×, or 1000× and stored in a USB-
based DAQ module with speed as high as 48 kS s−1.

film (Pa) Pb with film (Pa) Water column size (�m)a

200 450–500 130–740
450 300–700 170–700
700 800–1200 110–280
800 1200–1700 70–300
700 80–650 50–320
200 150–500 120–730
200 300–700 180–500
340 120–520 180–730
300 160–650 160–580
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.4. Experimental methods

A day before each experiment the GDL was sandwiched between
he bottom and top pieces of the experimental flow chamber. Then
he chamber was placed under the objective lens of the Leica confo-
al microscope (Fig. 1). The micro-pressure transducer and a syringe
ump were connected to the flow chamber. The real-time visual-

zation experiment was started by pumping fluorescent dyed water
nto the reservoir at the bottom piece of the flow chamber at a
ow rate of 0.0027 mL min−1 cm−2, which corresponds to an oper-
tion current density of 0.48 A cm−2. The flow rate is within the
ange of the water fluxes generated in operating PEM fuel cells.
nce the reservoir was full, and water broke through the GDL, the
ump was stopped and any excess water droplet on the GDL sur-

ace was removed. In cases where the confocal microscope did not
apture the breakthrough, the lens of the microscope was moved to
he water breakthrough point. After the focal plane was identified,
he pump was started again for another breakthrough experiment.
his experimental procedure was repeated several times. During
he water application, images of water transport within the GDL
ere taken through the confocal microscope with two different

aser scanning speeds: 400 Hz and 1000 Hz. At the two laser scan-
ing speeds, the confocal microscope can take images of water in
he GDL as fast as 1 s per image and 0.4 s per image, respectively.

In addition to the real-time transport images, a three-
imensional image of the dry GDL was taken before the water was
umped into the flow chamber and after the water breakthrough of
he wet GDL. In order to make three-dimensional images, the objec-
ive lens of the confocal microscope was set to do the step-move
ith equal distance (1.5 �m) along the vertical direction to visualize
ifferent images of the GDL at single focal planes (Z-step scanning)
p to a depth of 150 �m. Then single slice images were composed

nto a three-dimensional image using Leica Confocal Software pro-
ided with the microscope. For all the images the 10× objective lens
as used because it had sufficient working distance.

. Results

.1. Visualizations

The maximum depth that the confocal microscope could clearly
istinguish the fibers in various GDLs varied between 80 and
30 �m (Fig. 2). We found the addition of Kapton film to the GDL
id not affect the visualization depth. Most of the TO series (T030,
O60, TO90, and TO120) show large values of the visualization

epth (110–130 �m); however, the TO1.0 GDL has the smallest
epth (80 �m). For the MR series GDLs, the confocal microscope
ould distinguish fibers to a depth of around 110 �m. The SGL series
DLs had a slightly smaller visualization depth of approximately
5 �m.

Fig. 3. Visualization examples of dry gas diffusion layers with 1.5 mm
Fig. 2. Visualization depths of different gas diffusion layers.

Three-dimensional visualizations composed of single images
taken at sequential focal planes with a 1.5 �m step within the GDLs
at dry condition show no notable difference up to the maximum
visualization depth, and therefore only one GDL of each type is
depicted in Fig. 3. In addition, a close examination of the 3-D images
indicates that the TO and MR series (Fig. 3a and b) are similar
with a uniformly distributed fiber network and with an average
pore opening of around 30 �m. The pores of SGL series are not
uniformly distributed (Fig. 3c), and have many large pores with
diameter around 80 �m, which is more than twice the pore size
of TO and MR series.

Dynamics of the water movement in the GDLs were captured
by confocal microscopy as real-time videos. During the visualiza-
tion, the objective lens of the confocal microscope was focused
at a distance of about 50 �m from the GDL surface. Fig. 4 shows
selected still images of water transport in TO60 diffusion layer to
illustrate the typical breakthrough pattern. The video, TO60n.wmv,
itself is available at http://www.abe.ufl.edu/∼bingao/videos.htm.
Videos from some of the other studied GDLs are shown as well. In
Fig. 4 and the corresponding video, water appears as red spots sur-
rounded by dark green fibers. The still image sequences show that
water breakthrough in GDL is fast, occurring within several seconds
of first observing liquid water in the GDL. During the breakthrough,
water only moved out from a small spot in the GDL as an unstable

column flow. The image snapshots from the video in Fig. 4 show
water breakthrough from upper left of the GDL image as a droplet
at t = 32.8 s with a diameter spanning at least four fibers. In addi-
tion to the exit point in the upper left corner, water can be seen in
some locations near the breakthrough point. Water in those loca-

× 1.5 mm field of view: (a) TO30, (b) MR104, and (c) SGL25AA.

http://www.abe.ufl.edu/~bingao/videos.htm
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Fig. 4. Real-time visualization of water transp

ions does not move in a straight path and appears much deeper in
he GDL as several fibers can be seen in front of it. Before the sudden
reakthrough (from t = 32 s), water accumulates and moves side-
ays (in-plane) to the breakthrough point from different locations

Fig. 4).
Due to the fast changing flow pattern, the dynamic water move-

ent could only be recorded at one confocal plane. Fig. 5 shows
xamples of 3-D images of water in the three different GDLs, which
ere taken after the water flow was stopped. Similar to the “dry

mages” in Fig. 2, these “wet images” are also composed of single
mages at different focal planes. Water is observed as yellow–red
uorescent spots in the green diffusion layer and occupies a rel-
tively small area spanning several pores. These spots are not
niformly distributed in the GDLs. For all the diffusion layers, the
izes of the water columns varied among different diffusion layer
amples. The diameters of these water columns have wide ranges
ith values between 50 �m and 740 �m (Table 1).

.2. Pressure measurements
A large variation in the breakthrough pressures (30–1700 Pa)
as observed for different types of GDLs (Table 1). In general, GDL
ith a Kapton film has much larger breakthrough pressures than
DL without the film, except for the T1.0 series. However, there is

Fig. 5. Visualization examples of wet GDLs with 1.5 mm × 1.5 m
TO60 with 0.75 mm × 0.75 mm field of view.

no clear pattern that can relate breakthrough pressures of the GDLs
with their thicknesses, PTFE percentages, or water column sizes.

The water breakthrough pressure was measured several times
for each of the GDL flow chambers by stopping and restarting
the pump. There were slight pressure changes for water trans-
port through the same GDL at different runs. For all of the GDLs
tested in this study, we found that the breakthrough pressure was
always highest at the first run (i.e. water through dry GDL) and
decreased with successive runs. Fig. 6 shows an example of pres-
sure changes in a TO60 GDL with three water-breakthrough tests.
Initially, after water filled the visualization chamber, water pressure
rose slowly as the GDL sandwiched between the plates in the cham-
ber stretched and deformed. Once the GDL could not deform further,
the pressure increased dramatically in a very short time. When
the water pressure reached the dry breakthrough point (∼660 Pa),
water broke through the porous media and the pressure dropped
immediately (at approximately 120 s in Fig. 6). The pressure then
decreased slowly after the pump was stopped. When the second
water-breakthrough test started, water pressure increased quickly

again to reach the wet breakthrough point (∼560 Pa), which is lower
than that of the dry test. The breakthrough pressure of the third test
(∼550 Pa) is slightly lower that of the second test. These results sug-
gest that wetting history of the GDL may play an important role in
controlling water transport.

m field of view: (a) TO30, (b) MR104, and (c) SGL100AA.
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ig. 6. Real-time breakthrough pressure of water transport in TO60 during three,
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. Discussion

In the visualization study, all the tested GDLs show preferen-
ial flow despite that the properties of the three GDLs are different
Table 1). In no experiment did a GDL sample become fully sat-
rated, and the sizes of water columns vary with different types
f GDLs but are all smaller than 1 mm (Table 1). To find out
hether the column flow in the GDL is similar to that observed

n soils (hydrophobic and coarse-grained hydrophilic), we consider
sequence of images of water transport in the SGL100 GDL with-
ut Kapton film (Fig. 7). In this sequence, the lens of the confocal
icroscope happened to be placed at a position where it did not line

p with the breakthrough point of water through SGL 100. When
ater filled up the flow chamber, the wetting front appeared after
2 s in the GDL at five distinct areas, each of these areas has a size
f approximately 0.1 mm2 within the 0.75 mm by 0.75 mm obser-
ation plane (Fig. 7). All of the five distinct areas in Fig. 7 could

e the paths for the column flow. At 56 s, however, water broke
hrough at another location outside the field of observation. All
he water fronts in the images then suddenly disappeared (t = 56 s).
his indicates that water breakthrough decreases the pressure and
ithdraws water from the pores (except water in the column flow)

Fig. 7. Real-time visualization of water transport in S
urces 190 (2009) 493–498 497

in the GDL. This phenomenon is similar to the unstable column
flows observed in hydrophobic soils, although the scales are very
different. When water is applied to hydrophobic soils, the wet-
ting front also progresses at many locations in the porous media
until one column gets far enough ahead of the others. The water
pressure in hydrophobic soils also decreases behind the wetting
front; however, the water in other locations may not withdraw as
in the GDL because gravity can hold the water in the soil pores. In
addition, when rewetting a GDL, the water follows the same path
established during the first wetting cycle. At the same time, the
pressure for subsequent breakthrough is smaller at the column tip
in GDL (Fig. 6). These phenomena are very common in soils. Glass
et al. [26] showed that the column flow in soils always establishes
the same flow path on rewetting. Selker et al. [30] and Liu et al.
[31] found that the pressure decreased in the column flow in soil
after subsequent infiltrations. These phenomena can be explained
by the hysteretic nature of the capillary pressure–moisture con-
tent relationship [26,32]. It is clear that unstable flow observed
in hydrophobic (and coarse-grained hydrophilic) soils and in GDLs
have many similarities and the water exiting the GDL surface in fuel
cells are likely cause by unstable column flow.

The large spread in breakthrough pressures for the same GDL
(Table 1) is also a result of the unstable flow phenomenon. As noted
above, the water in the column breaks through the GDL when the
water entry value is exceeded. The water entry pressure for the GDL
should be the same if the material is uniform; however, the PTFE
coated GDL is highly heterogeneous in hydrophobicity and pore
sizes. Therefore, water in the GDL will try to break through from a
location where it has the lowest entry pressure (i.e. large pore size
with low hydrophobicity). In the cases when the sample is covered
with Kapton film, water can only enter the GDL through a very small
hole with limited access to the low entry pressure pores. As a result,
the water breakthrough pressure of GDLs with film is much greater
than that of GDLs without film (Table 1).

Many models of water transport in fuel cells assume that flow
in GDLs is uniform and stable, and the governing equations can

be solved in one dimension. However, both the visualizations and
pressure measurements suggest that flow in GDLs varies in three
dimensions. Thus in general, one-dimensional solutions of mass,
momentum, and energy conservation equations should be applied
with great care to fuel cell models because they are only valid to the

GL100 with 0.75 mm × 0.75 mm field of view.
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olumn flow phenomena in special cases. Because unstable water
ow in the fuel cell GDLs is similar to the column flow in soils, it
ay affect how water transport in GDLs should be modeled.
Predicting unstable column flow phenomena in Hele-Shaw cells

nd soils has drawn much attention of mathematicians and mod-
lers since its early discovery [30,33]. The Saffman and Taylor’s
olution is likely the most famous model of the column flow in
oils [34]. Parlange and Hill [27] developed the first analytical solu-
ion for predicting column sizes in soils. A later analytical model
eveloped by Selker et al. [30,35] can accurately simulate the mois-
ure and pressure profiles behind the finger tips of the columns
ow. In their numerical studies of column flow in soils, Nieber et
l. [36] found that the numerical models require the constitutive
elationship (soil characteristic curves) to be hysteretic by having
igher moisture content during drying than during wetting at a
ame matric or pressure potential. In addition to large-scale sim-
lations, pore-scale models are also used with some successes to
redict column flow in soils [37].

Because of the similarities of the column flow between fuel
DLs and soils, column flow models developed for soils can provide
uidance to the development of fuel cell models in hysteresis analy-
is, diffusion characterization [32,38], quantification of interaction
etween contact angle and fingering [25], and analysis of finger
idths [27]. However, notable differences exist between GDLs and

oils, particularly with respect to the length scale and the pore
haracteristics. Despite the difficulties, developing new modeling
pproaches for water in GDLs is a must, because most current mod-
ls use a non-hysteretic constitutive relationship and cannot predict
he column flow behavior as observed in our and other experiments
f water transport through GDLs in PEM fuel cells.

. Conclusions

A novel, laser-scanning, confocal microscope technique was
sed to show the transport behavior of liquid water in GDLs. For
he visualization purpose, fluorescent Rhodamine B dyed water was
umped through different fuel cell GDLs sealed in a flow chamber
laced under the confocal microscope. Micro-pressure transducers
ere used in the experiment to monitor the pressure of water in the
DLs. Based on the pore-scale visualizations, we found that water
ow in PEM fuel cell GDLs is unstable and similar to the column
ows as commonly observed in hydrophobic soils. The pore-scale
isualization system developed in this study can be used to explore
he governing mechanisms of water transport that in turn can be
sed to inform the development of models optimizing water man-
gement in PEM fuel cells.
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